A series of n-monoalkyl maleates and n-mono-, di-, and methyl n-alkyl fumarates were prepared, 18 esters of each, with R = CH3 to C18H37. Their activity against Clostridium botulinum was determined in culture medium. The n-monoalkyl maleates and fumarates possessed significant activity, particularly those esterified with higher C13 to C18 alcohols. Somewhat lower activity was exhibited by methyl n-alkyl fumarates, while symmetrical esters, di-n-alkyl fumarates, were almost inactive. An attempt was made to correlate the activity of n-monoalkyl maleates and fumarates with chain length, solubility in water, apparent dissociation constant (pKa'), and infrared and UV absorption frequencies. The active esters may have potential as preservatives in foods.
While there is substantial information concerning the biological activity of fumaric and maleic acid, relatively little is known about the activity of their esters, particularly the half esters, n-alkyl hydrogen fumarates and maleates. Methyl, ethyl, and n-propyl half esters have been reported to possess considerable bacterio-and fungicidal activity (10, 12, 14, 17 3, 360, 375, 1967) . The last authors reported that higher monofumarates and maleates (C12_24) could be used to improve yeast-leavened bakery products and shortening compositions, while the lower difumarates (C5s) were reported to be effective mosquito space repellents (9) . Also, it has been established that the lower diesters (C16) possess low acute toxicity for rats (20) and guinea pigs (21) .
Recently, it has been established in our laboratory that mono-and dimethyl fumarates and the corresponding ethyl esters possess activity against Clostridium botulinum in microbiological media and display considerable activity in cured-meat systems (12) . Since the biological activity of esters in general is dependent on the chain length of the esterified group (5) , it was of interest to determine how variation in the size of the esterified n-alkanol over the range C1 to C18 would influence the activity of monomaleates and mono-, di-, and mixed fumarates against C. botulinum. The present study reports on the evaluation of these compounds in a microbiological medium. Additionally, various physicochemical characteristics were studied, such as water solubility, infrared (IR) and UV spectra, apparent dissociation constant (pKa'), and surface tension, to fumarates were prepared as described by Dymicky (2, 3) , and mono-n-alkyl maleates and mono-and di-n-alkyl fumarates were prepared as outlined by Dymicky and Buchanan (4) . The identity and purity of these compounds were confirmed by elemental analyses, IR spectra, high-pressure liquid chromatography, and gas chromatography-mass spectrometry.
Activity against C. botulinum. (ii) Gas chromatography-mass spectrometry. A lowresolution quadrupole Hewlett-Packard gas chromatography-mass spectrometer (model 5992B) was used, in conjunction with a Scientific Glass Engineering open split adapter and a silica column (0.25 mm by 50 m) coated with methyl silicone (0.5 ,um), manufactured by Quadrex Corporation. The He flow rate was 3.0 ml/min at the elution temperature of the compound, with a purge flow of 0.5 ml/min, and the injector port temperature was 150°C. The (iv) Apparent dissociation constants (pKa'). The pKa' values of monofumarates and monomaleates (see Table 2 ) were determined as described by Parke and Davis (18) .
(v) Determination of water solubility at 25°C. Solubilities of monofumarates and monomaleates (see Table 2 ) were determined by titration of saturated solutions, prepared by placing an excess of ester in 50 ml of distilled water, stirring for 10 h at 25°C, and storing overnight at 25°C. The solutions were then quantitatively filtered with a 30-tnl sintered glass funnel M, and the filtrates were titrated with 0.01 N NaOH to pH 7.0. For the lower esters smaller portions of the filtrates were used.
(vi) Surface tension. Surface tension was determined directly (13), using a du Nouy apparatus and 0.01% aqueous solutions of n-monoalkyl fumarates and maleates. Factors for correction of temperature were used, if required. These were calculated from the equation given in Fig. 1 .
RESULTS AND DISCUSSION
The activity against C. botulinum observed with the four types of esters evaluated is summarized in Table 1 . Overall, the n-monoalkyl fumarates and maleates displayed the greatest activity. The methyl n-alkyl fumarates showed intermediate levels of activity, while the symmetrical n-dialkyl fumarates were relatively inactive.
The activity against C. botulinum was highly dependent on the chain length of the esterified alcohols. Both esters displayed a gradual increase in activity with increasing chain length (R), especially R '-CgH19. Maximal activity was observed with R = C18H37 for maleates and with R = C16H33
for fumarates (Table 1) .
The activity of the mixed methyl n-alkyl esters of fumaric acid was also dependent on chain length, showing maximal activity (MIC = 6.2 ,ug/ml) with R = C12H25. Further increases ii chain length resulted in decreased activity.
Little activity, if any, was observed with R, < C5H11.
A relationship between the chain length of the esterified alcohol and activity against C. botulinum was less apparent with the symmetrical n-dialkyl fumarates. These .compounds had relatively little, if any, activity. Only two lower esters, R = C5H'1 and C6H13, and those with R > C 3H29 had detectable activity in the assay system used. The general lack of activity of n-dialkyl fumarates is in agreement with the observations of Grove (10) that symmetrical compounds tend to have lower activity. It was of interest to include neUtral esters such as dialkyl fumarates in this study because their activity would be independent of pH.
Various physicochemical characteristics of the n-monoalkyl fumarates and maleates were determined to gain insights into the underlying factors that may influence the (7, 19) . For maleates this shift corresponds to a decrease of the force constant by -68,000 dynes/cm. Weaker C-OR bonds would be expected to become more polar, with higher affinity to interaction with cellular components. The gradual increase of pKa' values (Table 2) supports the assumption that the hydrolytic affinity of these esters gradually increases with the chain length.
The anionic character of these esters is also suggested by their pattern of activity. In addition to inhibiting C. botulinum, preliminary studies (data not shown) indicated that the esters inhibited Staphylococcus aureus, but were inactive against Salmonella typhimurium. Generally, anionic surfactants are only active against gram-positive bacteria, while cationic surfactants are equally effective against grampositive and gram-negative species (1) .
Increasing the chain length of an n-alkyl group increases the lipophilic character of compounds, while decreasing their surface tension (8, 15) . Increased lipophilicity would be expected to increase the affinity for the cell membrane, thereby allowing a compound to penetrate more effectively into the cell membrane, altering its nature and more effectively inhibiting bacterial growth.
Antibacterial activity was not greatly dependent on water solubility (Tables 1 and 2 ). Limited solubility prevented evaluation of the surface tension of the higher esters above R = CgHl. Both n-monoalkyl esters possess about the same surface tension (Fig. 1) . Over the range R = CH3 to CgHlg surface tension decreased uniformly from about 70 to 42 dynes/cm. One can predict by extrapolation that the surface tension of the most active esters would be between 5 and 10 dynes/cm. This agrees with other observations (8, 13, 16) that surface tension is directly related to the chain length and activity.
In conclusion, n-alkyl fumarates and maleates possess significant activity against C. botulinum. This in conjunction with their known activity against other bacteria and fungi suggests that these compounds have a potential use as preservatives of foods. It appears that further investigations are warranted to evaluate the applicability of these conlpounds for use in food systems. For the most active nmonoalkyl maleates and fumarates apparent relationships have been established between activity and the following parameters: chain length (R), apparent dissociation constants (pKa'), IR and UV absorption frequencies, and surface tension. Identification of the specific mechanism by which these compounds inhibit C. botulinum awaits future research.
